Lipopolysaccharides (LPSs) from a number of bacteria belonging to the alpha-2 subgroup of the class Proteobacteria were screened for the presence of 27-hydroxy-octacosanoic acid (27-OH-2830). With few exceptions, most of the bacteria contained 27-OH-2830 in their lipid A fractions. In addition, some of the bacteria contained other n-2-hydroxylated long-chain fatty acids hitherto not reported. The distribution of 27-OH-2830 was restricted to the alpha-2 subgroup. LPSs from members of the other subgroups (the beta and gamma subgroups), including some well-characterized enterobacterial LPSs, were devoid of 27-OH-28:O. Our results indicate that the presence of n-2-hydroxylated long-chain fatty acids in LPSs might be used as a chemophylogenetical marker.
Recent studies have shown that chemotaxonomy based on structural details of the inner core and the lipid A region of lipopolysaccharides (LPSs) can be used to recognize phylogenetical relationships of gram-negative bacteria (11, 22) . Recently, a new and highly characteristic lipid A-associated fatty acid was reported from Rhizobium leguminosarum biovar trifolii, namely, 27-hydroxy-octacosanoic acid :O) (9) . This unusual fatty acid differs in the following two ways from the usual hydroxylated fatty acids of LPSs: it has a hydrocarbon chain that is twice the usual length and it carries the functional OH group at the penultimate position of its hydrocarbon chain and not at C-3. Therefore, 27-OH-28:O is believed to stretch through the entire outer membrane and is thus expected to interact with components of the inner leaflet of the highly asymmetric two-layer outer membrane (18) . This may result in a more stable anchoring of the LPS and thus in increased stability of the outer membrane.
In previous studies, we showed that all members of the family Rhizobiaceae investigated so far, with the exception of a single new member of the family, Azorhizobium caulinodans (6) , contain high to moderate levels of 27-OH-2830 in their lipid A fractions. This unusual fatty acid is present regardless of the lipid A sugar backbone type (GlcN-GlcN, GalA-GlcN, or the 2,3-diamino-2,3-dideoxy-~-glucose [lipid The family Rhizobiaceae belongs to the alpha-2 subgroup of the class Proteobacteria according to the results of recent 16s rRNA homology studies (28, 29) . Since the alpha-2 subgroup comprises various species that are not related as determined by current taxonomic criteria, such as phototrophic, nitrifying, nodulating, and intracellular bacteria, as well as plant and animal pathogens, we decided to investigate the distribution of the unusual fatty acid 27-OH-28:O in members of this subgroup. We also thought that this investigation would provide phenotypic corroboration of relationships determined previously by genetic studies, such as rRNA sequence homology determinations and DNArRNA hybridization (2, 8, 19) .
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MATERIALS AND METHODS

Cultivation of bacteria.
The bacteria used in this study are shown in Table 1 . These organisms were cultivated as described previously (Table 1) .
Isolation of LPSs. LPSs of the species which we used were isolated either by the hot phenol-water method (26) or by the phenol-chloroform-petroleum ether extraction method (8) . The LPSs which we isolated were purified by successive ultracentrifugations (105,000 x g , 4"C, 4 h). In some cases, analyses were carried out by using lipid A fractions which were isolated from the corresponding LPSs by subjecting them to 1% acetic acid hydrolysis at 100°C for 2 h.
Identification of n-Zhydroxylated long-chain fatty acids. Hydroxy fatty acids were identified by combined gas chromatography (GC)-mass spectrometry (MS) of the corresponding methyl esters after transesterification in which acid-catalyzed methanolysis was used. To determine the positions of the hydroxy groups, the hydroxy fatty acid methyl esters were 0-methylated with diazomethane by using methanolic BF, as a catalyst.
Transesterification. Methanolic HCl (1 M) was freshly prepared under nitrogen in an ice bath by mixing 2.8 ml of acetyl chloride and 20 ml water-free methanol. Portions (2 ml) of the reagent were added to either LPS or lipid A samples in tubes sealed with Teflon-lined screw caps, and methanolysis was carried out at 80°C for 18 h. After cooling, the mixture was concentrated to about one-half its initial volume with a stream of nitrogen. After concentration, an aqueous solution of half-saturated NaCl was added, and the fatty acid methyl esters were extracted twice with 3 volumes of dichloromethane. The combined organic phases were dried by adding anhydrous NaSO,, concentrated to dryness with a stream of nitrogen, and redissolved in dichloromethane before analysis by GC and GC-MS. 0-Methylation. Diazomethane was freshly prepared by slowly adding 1 g of N,N-dimethylnitrosourea to a mixture containing 2 ml of 40% KOH and 10 ml of dichloromethane in an ice bath while it was being stirred. After separation of the aqueous and organic phases, the yellow organic phase was dried by adding anhydrous NaSO,. For 0-methylation, 15 pl of 20% methanolic BF, and 0.3 ml of an ice-cold diazomethane solution were added to each sample of hydroxy fatty acid methyl esters. After 5 min, the samples were flushed under a stream of nitrogen until they were dry and then redissolved in dichloromethane before analysis by GC and GC-MS. GC and combined GC-MS analysis. The GC analysis of fatty acid methyl esters was carried out by using a HewlettPackard model 5890A gas chromatograph equipped with a 30-m type DB-1 fused silica column (J & W Scientific) and a flame ionization detector. The following temperature program was used: 100°C for 2 min, followed by an increase of 3"C/min until a temperature of 300°C was reached and then holding for 10 min. The GC-MS analysis was performed by using a Hewlett-Packard model 5985 GC-MS system with an ionizing energy of 70 eV and a type DB-1 fused silica column (15 m; J & W Scientific). The following temperature program was used for the GC-MS analysis: 80°C for 2 min, followed by an increase of 30"C/min until a temperature of 180°C was reached, an increase of 10"C/min until a temperature of 300°C was reached, and a 15-min hold. Both the GC analysis and the GC-MS analysis were carried by using helium as the carrier gas.
RESULTS
Occurrence of 27-OH-2830 in the alpha-2 subgroup of purple bacteria. LPSs or lipid A fractions from bacteria representing several 16s rRNA groups were analyzed for the presence of 27-OH-28:O (Table 1) . We found that the majority of the bacterial species belonging to the alpha-2 subgroup which we examined contained this unusual long-chain hydroxy fatty acid in their LPS preparations. However, some of the bacteria tested were negative, including Rhodomicrobium vannielii, Rhodopseudomonas acidophila, and Pseudomonas diminuta, as well as the related organism Pseudomonas vesicularis. In some of the bacteria which contained 27-OH-28:0, this compound constituted one of the major fatty acids (e.g., in Rhizobium species). No attempt was made to quantify this unusual fatty acid because of its long retention time. In the GC analysis, in which a 30-m type DB-1 column was used, the 27-OH-28:O methyl ester had a retention time of 67.5 min under the conditions described in Materials and Methods. The mass spectrum of the O-acetylated methyl ester of 27-OH-28:O has been published elsewhere (9) .
The LPSs of other members of the Proteobacteria belong- ing to the beta and gamma subgroups, including some well-characterized enterobacterial LPSs from Salmonella minnesota, Escherichia coli, and Proteus mirabilis, as well as Pseudomonas aeruginosa, did not contain 27-OH-28:O. Two members of the group containing the cyanobacteria, Microcystis sp., and Synechococcus sp. did not contain 27-OH-2830 in their LPS preparations.
Identification of other unusual long-chain hydroxy fatty acids. In this investigation we screened for 27-0H-28:0, but we also identified some other long-chain hydroxy fatty acids that have not been reported previously in gram-negative bacteria. The LPS from Pseudomonas carboxydovorans contained the unusual fatty acid 25-hydroxy-hexacosanoic acid (25-OH-26:O) as the major fatty acid in the lipid A region. The electron impact mass spectrum revealed the following ions: rnlz 408 (M+-18), mlz 376 (M+-50), and mlz 382, which arose from the fragmentation shown in Fig. 1 . In addition to this long-chain hydroxy fatty acid, the LPS also contained 27-OH-28:O. In the case of Rhodopseudomonas palustris, 28-OH-29:O was detected; the characteristic fragments obtained by electron impact MS are shown in Table 2 . In all of the long-chain hydroxy fatty acids found so far, the hydroxy moiety is located at the n-2 position. This is indicated by rnlz 59 in the mass spectra of the corresponding methoxy fatty acid methyl esters, which results from a cleavage between n-2 and n-3 without proton dislocation. A typical mass spectrum (25-methoxy-26:O methyl ester obtained from Pseudomonas carboxydovorans) is shown in Fig. 1 . The four characteristic peaks in the high mass range result from the loss of one methyl group (M+-15), two methyl groups (M+-15-15), one methyl group and one methanol group (M+-15-32), and two methanol groups (M+-32-32), which, in the case of 25-methoxy-26:0, lead to the following ions: rnlz 425, 410, 393, and 376, respectively.
Preliminary studies have indicated that the long-chain hydroxy fatty acids are in most cases ester linked. However, in some cases they may be amide linked to the amino groups of glucosamine, glucosaminuronic acid, or 2,3-diamino glu- cose (5, 10) present in the backbone structure of the lipid A. Experiments are in progress to determine whether such ester-linked hydroxy fatty acids are directly attached to the sugar backbone or indirectly attached as parts of acyloxyacyl diesters.
DISCUSSION
Phylogenetic relationships of gram-negative bacteria as determined by 16s rRNA or 5s rRNA analyses have been matched successfully with distinct lipid A constituents or with lipid A structures. This approach has been especially rewarding with purple nonsulfur bacteria and with thiobacilli since these groups of bacteria are polyphyletic and form clusters of phylogenetically related species (4, 14). The nature of the lipid A sugar backbone, the amide-and ester-linked hydroxylated fatty acids present, and the substitution of the backbone with ester-and/or glycosidically linked phosphate groups are useful markers for defining phylogenetically related species (13, 25) In this investigation we tried to determine the distribution of a recently discovered unusual hydroxy fatty acid, 27-OH-28:O (9), in the LPSs of members of the Proteobacteria (23) and some cyanobacteria. Our results show that, as far as we know now, n-2-hydroxylated long-chain fatty acids are restricted to the alpha-2 cluster of species, as defined by 16s rRNA homology studies (28, 29) , although not all species of this group possess these fatty acids. Among these organisms, Rhodomicrobium vannielii and Rhodopseudomonas acidophila have distinct but similar lipid A structural characteristics (11, 12) ; they share a similar lipid A sugar backbone (nonphosphorylated glucmamine disaccharide with C-4' linked to a P-mannopyranosyl unit). Recently, Pseudomonas vesicularis and Pseudomonas diminuta have been reported to contain amide-linked 5,9-dihydroxy-myristic acid in their lipid A fractions; this fatty acid has not been reported previously (1) . The Xanthobacter and Mycoplana species included in Table 1 have not yet been subjected to 16s rRNA analyses, but belong to rRNA superfamily IV on the basis of the melting temperatures determined in DNArRNA analyses (6).
Many of the species belonging to the alpha-2 subgroup not only possess 27-OH-28:O but also have 2,3-diamino-2,3-dideoxy-D-glucose as a lipid A backbone sugar ( Table 1) . The presence of 27-0H-28:O in the LPSs of Rhizobium and Agrobacterium species which have lipid A types with GlcN (24) or GalA-GlcN backbones indicates that no strict correlation exists between backbone composition and the presence of 27-OH-2830. So far, the precise location of 27-OH-28:O in lipid A has been determined only for two species belonging to the Rhizobiaceae. In Rhizobium meliloti 27-OH-28:O is ester linked at C-3 of the nonreducing GlcN of the GlcN-disaccharide backbone (24) , and in Rhizobium trifolii ANU 843, it reportedly is amide linked to a glucosaminuronic acid residue (10) . Recently, we determined the structure of the major lipid A fraction from Rhizobium phaseoli, which contains 27-OH-28:O amide linked to a sugar backbone consisting of GalA-GlcN (2a).
For members belonging to the alpha-2 subgroup, screening for 27-OH-28:O or its homologs in combination with other lipid A characteristics may become a rapid and highly significant chemotaxonomic tool. For this purpose, the 0-methylated derivatives of the fatty acid methyl esters are especially useful, since multiple ion detection of fragments at mlz 59 and mlz (M+-15) of relevant fatty acids is a rapid and very sensitive test for n-2-hydroxylated long-chain fatty acids.
28-OH-29:O obtained from the LPS of Rhodopseudomonas palustris le5 must have a branched structure (see above). Detection of the ion mlz 59 indicates that the branch of this fatty acid cannot be a well-known is0 or anteiso type. Likewise, the formation of the McLafferty product, mlz 74, precludes a branch at C-2, which was observed previously for 3-hydroxy fatty acids (16) .
Further studies are needed to determine the precise location of these fatty acids in lipid A, especially in lipid A with a 2,3-diamino-2,3-dideoxy-~-glucose backbone (lipid A,,,) . Whether the OH group at the penultimate position interacts with substances of the inner leaflet of the outer membrane and whether this group is occupied by other fatty acids to form acyloxyacyl residues, which are structural entities that are commonly found in enterobacterial lipid A (30), are presently under investigation.
